Abstract In this study a new grated inlet is proposed for small roads which do not have storm water collection systems. A setup was designed and constructed in the laboratory conditions to calibrate the grated inlet. The inlet is suggested to be installed at the end of the road where the road itself joins to another road or to a street. Thus, newly installed inlet will collaborate with existing storm water collecting system of the main road. Inlet structure covered by slots is installed across a 0.90-m wide flume which will act as a small road. The slots are longitudinal and parallel to the flow direction in order to curtail clogging. It is a tilting flume and both subcritical and supercritical flow regimes can be observed. The intercepted flow by the inlet is measured and the efficiency of the inlet is obtained in terms of longitudinal slope and the Froude number. It is observed that the grate efficiency gets higher as the longitudinal slope approaches to horizontal. Further the grate efficiency also depends on the total flow through the channel. As flow increases in the channel, the efficiency of the grate increases within the limit of the inlet or discharge channels capacity.
Introduction
The reason of the migration from rural areas to urban areas can be several and the consequent outcomes can vary largely. Its impact on infrastructure is huge especially in developing countries. It is not unusual that the city enlargement is not aligned with the development of the infrastructure. One can observe very often that a much bigger city without infrastructure and proper planning grows at the outskirts of the well-planned core. Today due to the adverse effects of climate change, many big cities face severe damages due to heavy storms. Flooding occurs due to either a heavy storm that exceeds the design criteria of the structure or inadequate capacity (Thompson et al. 2003) . Usually drainage of storm water has stayed on the bottom of service list. Cities covered with concrete and asphalt allow water to occupy the city roads and even cause flood in the settlements. Furthermore, water flowing on a road may cause traffic accidents (Guo 2000) .
Storm water collection systems must be properly designed to provide necessary surface drainage and should meet other storm water management goals such as water quality (Nabizadeh et al. 2005 ) stream bank channel protection; habitat protection and groundwater recharge (Thompson et al. 2003) . Nevertheless in many big cities, it is nearly impossible to establish underground water collection system to all extent. Therefore in the present study, it is suggested that the excess water will be collected at the end of a small road from where it will be diverted to the main collecting system or underground storage systems. This procedure can find a place under the title of low Impact development (LID); although low impact development does not promote to install grates, it enables the water to infiltrate as much as possible to a location near to the source (EPA 2000 (EPA , 2007 . However, big cities of developing countries lost their chances to return to their old natural habitats. Today those cities face a big challenge to improve, rehabilitate, renovate or even re-establish their infrastructures. This is quite costly and needs proper engineering services too. By all means financial burden of the rehabilitation of storm water drainage system will cost a huge amount for developed countries like USA (Rens 2007) too. However, it is possible to rehabilitate collection system of the main streets by replacing them with larger capacities and using the small roads as the conveyance channels themselves. By this way these roads can be paved by permeable surface cover (EPA 2007) and the water which does not infiltrate can be collected by a grate installed at the end of the road. This will be a solution to local flooded areas and the procedure may be re-addressed as partial LID in big cities.
The principals of the major hydraulic components in a storm water drainage system are as follows: inlets, conduits, junctions, manholes, and outfall structures. All the components have equal importance and need proper design specifications in terms of hydraulic engineering.
The flow through an inlet on the bottom of the channel (bottom intake racks) is often used as flow outlet which finds application in irrigation channels to purge excess water, trash racks on small mountain rivers and urban drainage system to carry away rain water (grated inlet), (Chow 1959; Ramamurthy et al. 1989; Subramanya 1994; Brunella et al. 2003; Righetti and Lanzoni 2008) .
The flow in bottom racks and grates is the case of spatially varied flow with decreasing discharge in the flow direction. The dynamics of the flow over the rack and the determination of the discharge through the rack have been attacked by many researchers. Although, it is a threedimensional problem, it is assumed as one-dimensional flow with negligible energy losses in practical applications (Akan 2000; Righetti and Lanzoni 2008) . Actually there is deviation from hydrostatic pressure (Mostkow 1957) and there is streamline curvature (Righetti and Lanzoni 2008) . There are attempts to solve the problem analytically and experimentally (Mostkow 1957; Noseda 1955; Subramanya 1994; Brunella et al. 2003; Righetti and Lanzoni 2008) . Yet most of the researches were based on the experimental findings. Further both trash racks and grated inlet are covered with bars, parallel, longitudinal or reticulate, etc. These bars also affect the flow dynamics (Gomez and Russo 2005 , 2009 , 2011 . Due to all these reasons the grates are calibrated through laboratory studies (Woo and Jones 1974; Kranc and Anderson 1993; Brown et al. 1996; Thomas 1999; Guo 2000; Gomez and Russo 2005 , 2009 , 2011 . Beecham et al. (2006) have conducted experimental study to analyze frictional effect on spatially varied flow. Thomas (1999) discussed practical difficulties involved, such as application to non-uniform gutter profile. Heggen (1989) studied inaccuracies of equations for the spatially varying flow from Chow (1959) . Studies focusing on grate inlet interception capacity are rather less in the literature. Woo and Jones (1974) carried out experiments to make suggestions on both the hydraulic capacity and safety of the inlets for bicycle riders by trying inlets with different tilting angles. Kranc and Anderson (1993) have investigated the influence of grates on the overall inlet performance. Brown et al. (1996) listed the grate types for which design procedures were developed. Guo (2000) presented an investigation on street hydraulic capacity. It was found that the street storm water capacity at a sump is in fact dictated by the storage capacity rather than the conveyance capacity. In their study Gomez and Russo tried to formulate the efficiency in terms of the discharge and the upstream depth. (Gomez and Russo 2005 , 2009 , 2011 .
In the present study, an experimental setup is developed to observe the flow interception rate through a grated inlet installed in a tilting flume. The setup is designed by modifying existing tilting steel channel in the Hydromechanics Laboratory of the Middle East Technical University of Ankara, Turkey. Figure 1 shows a schematic view of the flow through bottom outlets (bottom racks, grated inlets, etc.) in general.
Materials and methods

Dimensionless analysis
In Fig. 1 x and y denote the axis along the flow direction and the gravitational direction, respectively. E [L] is the specific energy at the head of the outlet. Chow (1959) describes the flow intercepted as a function of flow depths and the specific energy, E. However, in these kinds of formulations the water depths at the upstream and downstream of the inlet should be measured. This can be an easy task for the bottom racks; however in case of rain water inlet, the precise measurements are quite difficult due to very small water depth values, especially at the downstream. Therefore, a parametric analysis is preferred instead of scrutinizing the flow dynamics. The intercepted flow can be written as a function of 12 variables as depicted below, (Munson et al. 1998 ) will give nine p terms; if one selects q, Q T and y 1 as repeated variables:
If the first p term is multiplied by the third one, reciprocal of the result will give square of the Froude number, F 2 as expressed below:
and the reciprocal of the multiplication of second and third p terms will give the Reynolds number, R, as shown below:
Thus, the Froude number, F will be summarized as a function of upstream water depth (uniform flow depth), y 1 and the total discharge, Q T as follows:
Further if the efficiency, e is described as the ratio of the intercepted flow to the total flow (FHWA 2001) , then it is expressed as:
Thus p o ¼ Q I =Q T will be equal to the efficiency, e, thus the efficiency of a bottom outlet will be represented in terms of nine dimensionless variables as described below:
In the following sections, to determine the efficiency of a bottom outlet, a new experimental setup and preliminary experiments associated with results and discussions will be demonstrated.
Design and calibration of setup
The setup consists of four main units. The first one is the main channel which acts as a road. The second is the inlet system, which consists of grates and storage boxes under the grates. The third one is discharge system and the fourth one is the discharge measurement system.
A new Plexiglas (acrylic sheet) channel is implanted on the existing steel channel. The width of the steel channel is 1.00 m and the length of the channel is 12.00 m. The channel slope is regulated by a screw; the channel slope can be adjusted to maximum slope of 1/9.22 and to maximum adverse slope of -1/41.80. Water is supplied from the constant head tank of the laboratory through two 0.20-m pipes, which are regulated by valves. To the upstream of the channel, a screen-type energy dissipater is placed to maintain uniform flow. The width of the new Plexiglas flume is designed as 0.90 m, having 5 cm spacing from both sides. The height of the implanted flume is 0.45 m. Further, the channel is divided into two stories by a slab. The upper story which will simulate the road has a depth of 0.10 m and the lower story has a depth of 0.35 m. Lower story is used to install storage box of the inlets. The details can be seen in Fig. 2 .
The grated inlet is located 9 m apart from the head of the channel as depicted in Fig. 3 . The geometric characteristics of the grate for the first series are shown in Fig. 4 . The lower portion of the first 9 m of the channel is supported by the bottom with the help of the beams made of Plexiglas sheets of 0.010-m thickness. The beams are placed with an interval of 0.25 m. Each beam of the five forms a 1.00-m block which is constructed as separate units. The block is fixed to the existing steel channel after precise measurement in order to maintain smooth and uniform surface. For preventing flow leakage between each 1.00 m portion, special cement is pasted through the slab where two blocks were connected. It should be noted that, the cement used for this purpose is subjected to high temperature changes (approximately -20 to ?40°C), therefore cracks on the cement should be checked regularly and fixed if necessary before collecting data from experiments. Support beams form the inlet boxes at the location of grates. From the box under the grate, intercepted water is carried through a rectangular discharge channel to the measurement pool. The remaining bypassed flow on the upper channel reaches to the location of second grate. In the same way, second and third grates bypassed flow remain in the upper channel and is collected in a separate pool for the flow measurement (Fig. 3) . In this study, only the interception characteristics of the first grate is examined. Therefore a Plexiglas plate was installed instead of second and third grates. After this study, the first, second and third grates may be used together, one by one or with any other possible combination. The storage boxes and the measurement pools for the second and third grates are prepared for the future experiments. The discharge channels of each inlet box are independent of each other. The dimensions of the discharge channels are chosen and arranged as depicted in Figs. 5 and 6.
The discharge system and the measurement system are designed to accommodate for three simultaneously operating grates. Therefore, four pools are constructed and installed at the end of the channel in order to collect and (Fig. 7) . The downstream conditions of the discharge channels are free outfalls. Each pool has a size of 2.00, 0.49, and 0.60 m. Pools are constructed from 0.015-m thick Plexiglas. A piezometric tube is placed on each pool and a metric scale is placed just on the wall of the pool next to the tube in order to measure the water level in the pool. From the volume of one pool (0.59 m 3 ), for duration of 30 s, the maximum value of 0.0197 m 3 /s of flow rate can be measured. To empty the pools, 5.08 cm (2 in) diameters of discharge pipes are placed under each pool. The type of the pipe valve is open-close.
Practical application of new grated inlet
There are three distinct differences of the new inlet from the conventional used models:
(a) the inlet is across the entire roadway: in conventional applications grated inlets are located to the side of the roads with certain intervals. Here, new grated inlet is proposed to be installed at the end of small road where the road joining to main road. The roads do not have inlets and underground drainage systems. Thus the roads will act as conveyance channels. The water which is captured by the inlet will join to the storm water collection system of the main road. (b) The bars of the grate are parallel to the flow direction:
in practical application this kind of bar arrangements are not approved due to safety problems for bicycles if the grate is on the way of bicycles. However, for the bicycles which are passing across the road neither bars nor slots will be parallel. Further, in case of decreasing clogging problem, parallel bars are superior to transverse bars. In addition, the occurrence of backwater due to transverse bars can cause traffic accidents. (c) The road has zero cross slope: a quick examination of super elevation rates given in ASSHTO (2001) can easily lead us to the conclusion that the cross slope of a road can vary between -10 and ?10%. Zero slope can be seen when cross slope changes from negativeto-positive. On the other hand, pavements and parking lots are the areas where only longitudinal slope is seen (Gomez and Russo 2009 ). Moreover, due to poor constructions, the cross slope may not be applied each time. In addition, it is not a standard procedure for small inner roads in Turkey. Therefore in this study, zero percent cross slope was used on purpose.
Channel capacity determination and rainfall representation
Design and analysis of storm drainage system are based on the Rational formula using the rainfall intensity for a short duration of storm (Pazwash and Boswell 2003) . The Rational formula is expressed as (HEC-22 1991):
where Q R is the peak flow, C the dimensionless runoff coefficient, I the rainfall intensity and A R the drainage area (\10 km 2 ). The runoff coefficient, C, in Eq. 9 is a function of the ground cover and other hydrologic properties. Typical values for C can be found in Mc Ghee (1991) . As a case study of the intensity duration, the occurrence curves of Hopa have been examined, because Hopa, on the coast of the eastern Black Sea, is one of the places that receives the highest rainfall of Turkey. The highest rainfall intensity occurring in 5 min during a 100-year time is about 400 mm/h [Source: Turkish State Meteorological Service, TSMS (2008)]. Then the total flow was determined using Eq. 9. In the equation, A R 8.1 m 2 . Substituting 0.90 for asphaltic cement street (Mc Ghee 1991) as the value of C and inserting the rainfall intensity, the total surface runoff can be obtained. However, in the laboratory conditions, total flow is supplied through a constant head tank instead of simulating rainfall. Since supply pipes do not have facilities to measure the discharge, the water depth in the channel is used as a measure to control the discharge. Thus, the discharge obtained in Eq. 9 is inserted into the Manning Equation which is expressed in below:
where, n is the Manning roughness coefficient and taken as 0.010 for Plexiglas. In Eq. 10, A is the wetted area and R h hydraulic radius. Later the flow depth in the channel can be obtained using Eq. 10. A point gauge installed at the flume was used to measure the flow depth within the channel. It is worth mentioning that a natural event where rainfall comes from a basin is represented in the laboratory by providing water from a constant head tank. Table 1 demonstrates corresponding flow depths on six different slopes with a rainfall intensity of 400 mm/h. Figure 8 shows the variation of the channel capacity with the flow depth for six different slopes. By comparing Table 1 and Fig. 8 , it can be seen that the channel capacity is much higher than the flow representing Hopa. The depth of flow resulting in 400 mm/h intensity is less than 1 cm. In this study starting from sheet flow, higher depths than illustrated shown in the above Table 1 were tested. The higher depth situation can occur in a flood time or in failure of the previous grate inlets in a drainage system which can be seen easily in a daily life.
Results and discussion
Experiments were carried out at five different longitudinal slopes (S = 0, S = 1/300, S = 1/100, S = 1/50, S = 1/25) with varying discharges. The total number of the experimental set is 35. Flow regime is subcritical at S = 0 and S = 1/300, whereas it is supercritical at the remaining slopes. The measured data are given in Table 2. In the  Table 2 , total, intercepted, bypass flows, the upstream water depth and the Froude numbers for each slope are given. It is observed that there is an increase in the intercepted flow of the grate at higher flow depths by examining Table 2 . As the flow increased, the ratio of the intercepted flow to the total flow, namely the efficiency, increased from 40-50% to 80-90% (Table 2 ). Due to the limitations of discharge channels, higher flow rates could not be tested. The flow characteristic of the under grate should not be pressurized.
The discharge value increases as the flow depth on the channel increases for the bars located parallel to the main flow direction. When the flow-efficiency relation is checked for grates used on the highways, the efficiency decreases with increasing flows and depths can be observed (HEC-22 1991; Mc Enroe et al. 1999) . This contradiction can be explained by the existence of extending spread and splash over highways gutter. As the depth increases due to increasing spread, smaller ratio of water is observed over the grate. Moreover due to higher speeds, some water splashes over the grate leads to lower ratio of grate interception.
Slope and the Froude number in efficiency
In Eq. 8, the efficiency of a grate is described by nine dimensionless parameters. Among them the Reynolds effects will be neglected due to the fact that the flow will be fully turbulent. Also the term including channel width can be dropped due to the fact that the channel is a wide rectangular channel. In addition, Manning's roughness coefficient and geometric dimensional of the grate are fixed. Further the cross slope is set to zero. Thus the efficiency is described as below for the present study: Table 2 also shows the relation between the total discharge and the efficiency for five different slopes. Two conclusions can be obtained. The first is that as the flow rate increases, the efficiency and intercepted flow ratio also increase. The second is as follows: for a given Q T the grate efficiency increases as the channel slope approaches to the horizontal slope. Increase in the efficiency as the slope of the channel approaches to horizontal is also demonstrated by Mostkow (1957) and Cromwell et al. (2001) . Similar results are also seen in cases where cross slope is different from zero percent. The capacity of grates almost increases as the longitudinal slope approaches to zero (HEC-22 1991; Mc Enroe et al. 1999) . Therefore, velocity gets slower over the grate and results in higher efficiency at horizontal slopes.
In order to reach a general statement from Table 2 , the procedure given below is followed:
(a) the best fit curve to each data set is determined. Table 3 shows the equation of best fitted curves and their correlation coefficients. (b) The general character of the equations given in Table 3 has the following characteristic:
(c) A new chart is constructed with the coefficients of the equations given in Table 3 . Thus constants a and b are plotted against respective slopes and Fig. 9 is obtained.
In the end, the relation between efficiency and the Froude number is demonstrated in Fig. 10 . As Froude number increases the efficiency increases for each slope. In Table 2 Experimental data (n = 0.010) 
Conclusion
In the present study, a new grated inlet is proposed for small roads which do not have proper rain water collection system. The new designed setup, accordingly realized experiments and collected data are introduced. Several conclusions are derived from both the observations and data analysis:
(a) the upstream depth is too small to apply energy equation. (b) The efficiency of new grated inlet with zero cross slope is expressed in terms of total discharge and longitudinal slope and It is observed that the grate efficiency is affected by the longitudinal slope of the channel. (c) The efficiency of the grate gets higher as the longitudinal slope approaches to horizontal. (d) The grate efficiency also depends on the total flow through the channel. As flow increases in the channel, the efficiency of the grate increases. However, the amount of discharge in the channel cannot be raised more than inlet and discharge channels capacities. (e) The efficiency can be represented by the Froude number.
It is important to report that due to the limited number of data points an empirical model could not be proposed. However, the range of flow rate, road slope and road dimensions allow us to design a grate for a small road using the charts proposed in this study. 
